ABSTRACT: Bridge management systems have a common need for a well-established inspection data acquisition system. Inspection data management requirements have expanded after establishment of new Federal Highway Administration regulations that require bridge inspection to be performed on an element-level basis. Currently, paper forms are the typical media used to record field-generated bridge inspection data. Better methods of data recording are needed to improve the accuracy and speed of the bridge inspection process. This paper discusses pen-based data acquisition technology and its potential in automating bridge inspection. The pen-based technology was utilized to develop an Automated Bridge Inspection System for the South Carolina DOT. As illustrated herein, the use of an automated inspection system simplifies the data processing effort, improves inspection data accuracy, and permits bridge inspectors to devote more time to the actual inspection process.
INTRODUCTION
One of the main components of a bridge management system is the inventory database. The inventory database contains record information on the type of elements in a highway bridge and their associated condition. The core of an inventory database is built around the inspection data. For any given structure there can be hundreds and hundreds of different attributes stored that describe everything from deck condition to drainage facilities. Because of the massive amount of data involved, it is very important to automate data collection and management.
The need for automating inspection data collection has become more evident to state agencies that have implemented newly developed bridge management systems such as Pontis. Pontis requires a more detailed inspection where inspection data are captured on a bridge element level as opposed to National Bridge Inventory (NBI) standards where major bridge components (i.e., superstructure, substructure, and roadway) are rated from 0 to 9. Pontis also utilizes a new set of bridge elements and condition state language that necessitates the development of new data gathering, storage, reporting, and retrieval operations.
Currently, paper forms are the typical media used to record field-generated bridge inspection data. These forms are most often returned to a main office where data entry personnel manually enter inspection data from the forms into the Pontis master database. The manual data entry process is time consuming and is prone to errors. It is for this reason that many DOTs are trying to automate inspection data collection. Automation captures inspection data electronically while it is being generated on the site. Once the data is recorded electronically, it can be retrieved, updated, and stored quickly and more accurately (Issa 1995) .
Several automated data collection systems exist. These systems, which include bar code scanners, voice recognition systems, and pen-based computers, attempt to create user-friendlier computer input than traditional input using the keyboard. It is important to note, however, that when automating the bridge inspection process, one should select a data acquisition system that does not differ substantially from the current paper-based system to gain acceptance. It is for this reason that the pen-based technology was selected. This paper discusses pen-based technology and describes a pen-based bridge inspection system developed for the South Carolina DOT (SCDOT).
PEN-BASED COMPUTERS
A pen-based computer is a lightweight notebook computer that utilizes a pointing pen for data entry. The pen permits the user to enter data in a number of alternative ways including pointing to menu selections, scrolling down data lists or options, and writing characters on the screen. Pen-based computers are particularly well-suited to entering data on standard forms that are structured such that the user checks boxes by pointing the pen or enters a limited number of alphanumeric characters. Using pen-based computer systems, existing inspection forms can be replicated in electronic format, and inspection data can be captured on site using personnel that posses minimal computer skills.
Early pen-based applications were expensive to develop and were only economically feasible for large data processing applications. The United Parcel Service has created the first and most publicized pen-based application to transmit package delivery information from its vehicles to its mainframe computers. The United Parcel Service has invested $350,000,000 for the design, development, and implementation of their system (Duncan 1992) . Such cost might not be realistic for developing pen-based engineering and construction applications.
The emergence of pen development tools has tremendously reduced application development cost and time and has increased the opportunity for smaller construction and engineering companies to develop pen-based applications. Currently, many pen development tools exist in the market. Development tool selection is highly dependent on the specific problem. The Automated Bridge Inspection System (ABIS) described herein was developed using the Padbase Software Development Kit (Padbase 1993).
PADBASE SOFTWARE DEVELOPMENT TOOL
Padbase was selected to take full advantage of the capabilities of pen-based computing. These capabilities include the ability to select options from scrollable lists, make handwritten entries, and store field sketches.
A Padbase application consists of two parts: an executable code and resources. The most common resources in a Padbase application are forms. The Padbase Software Development Kit provides numerous tools for developing resources and gener-
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ating code in ''Clipper'' format. Clipper is a DOS-based programming language used to develop database management systems. The Padbase application development process consists of first creating form resources, then creating the binary resources file and generating the Clipper code. The code is then compiled and linked to the binary resource file to produce the executable application file (Padbase 1993) .
A Padbase application, like most DOS-based applications, does not require extensive computer memory. For example, the ABIS application runs with adequate speed, on pen-based computers that only have 4MB of RAM. Padbase applications are compatible with all operating systems that support DOS. The ABIS application was tested under Windows 3.1, Windows 95, and Windows NT. The application ran properly with all these operating systems.
Learning how to develop Padbase applications was relatively simple. In the beginning of the development effort, a 2-day training session was conducted by the Padbase technical personnel to introduce the software to the development team. The development team consisted of two persons that had average knowledge of the Clipper programming language. The ABIS development effort required 5 man-months, which included designing the forms, defining the databases, developing the code, and compiling the executable file.
ABIS
The ABIS system was jointly developed and field-tested by Clemson University and the SCDOT. ABIS consists of several modules that permit field bridge inspection data to be captured on pen-based notebook computers. The notebook computer data files can be easily transferred to and from the Pontis bridge management system. In addition, the ABIS program modules capture data related to applications outside the Pontis requirements, including data for various bridge scour and flag status bridge reports.
ABIS runs on GRID 2262 pen-based computers. These computers have 4MB of RAM, 125MB hard drives, a super gray-scale VGA monitor, a facsimile/modem card, a 3.5-in. removable floppy disk, and AC and DC chargers. The dimensions of these units are 11.5 ϫ 9.3 ϫ 1.6 in., and they weigh 5.5 lbs. When these computers were bought in 1993, they were considered state-of-the-art units. New models, however, are much more powerful.
ABIS modules are listed in the ABIS screen shown in Fig.  1 . The NBI Module records NBI data. The bridge elements module records the condition of bridge elements as defined in Pontis. The descriptive data module contains textual data describing bridge components such as bents, beams, and decks. The flag modules contain data referencing bridge conditions that require immediate attention. These conditions are classified as either ''structural'' and/or ''safety.''
The ABIS software was structured in a modular way that permits each module to communicate with its own data files. Data are stored in several databases. This facilitates independent analysis and maintenance of the database and also increases the speed of database access. One important benefit of the modular structure of ABIS is that it can be expanded. More modules, such as a pile loss module that tracks pile section loss, can be added without any fundamental changes to the system. New databases can be added to support these modules. To illustrate the advantages of pen-based computing for bridge inspection selected ABIS capabilities are examined.
Form Replication
A significant advantage of pen-based computers is their ability to replicate existing paper forms. This capability makes pen-based computer systems an ideal tool for automating bridge inspection because operation and data entry is performed in a manner identical to the current manual system. The SCDOT uses many paper forms to record inspection data. Because inspectors are familiar with these forms, replicating the forms on the pen-based computer increases the system's acceptance and reduces training time. When replicating the SCDOT forms in ABIS, some forms had to be broken down into a series of screens. This was done because the original 8 1/2 by 11-in. paper form did not map directly to the small video display. An example of an ABIS screen containing part of the NBI data is shown in Fig. 2 . The user can easily navigate among all NBI screens using the ''next page'' and ''previous page'' buttons shown at the bottom of the screens. When designing the ABIS screens, text and graphics were chosen in a way that is easy to follow and view on the relatively lowcontrast LCD and where poor lighting conditions exist. Enlarged controls, bold and oversized fonts, and many navigation controls were used.
Ease of Data Transfer to and from Pontis
The ABIS database files can be easily transferred to and from Pontis bridge management system (versions 2.0 and 3.x). Data transfer is accomplished using a specially formatted text file. Versions 2.0 and 3.x of Pontis have the capability of generating this specially formatted text file containing selected fields from the Pontis database. Prior to a field inspection, data from previous inspections stored in Pontis are downloaded to the text file. A translation program developed by the writers is then used to convert the text file to a ''dBase'' format that can be read by the ABIS application.
Following the completion of bridge inspection, the updated ABSI database file is transferred back to Pontis. This is accomplished by first converting the ABIS dBase inspection file into a Pontis compatible text file, and then downloading the text file from within Pontis.
Handwriting Recognition
ABIS has handwriting capabilities. After the user writes on the screen with the pen, the handwritten bit image is converted to characters. The algorithm used for handwriting recognition is trained to handle a wide variety of personal writing styles. Handwriting recognition makes data entry easy, fast, and intuitive.
On Line Access to Previously Collected Data
Prior to a field inspection, data from previous inspections that are stored in Pontis are transferred to the pen-based computer. Thus, the pen-based computer not only provides a mech-
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anism of recording new data but also acts as a repository of previously collected data that the inspector can view and use. Previous inspection data are available to the inspector on site, thus enabling a comparison of relative conditions. Another advantage of having the database on site is in performing queries. An example of the results of such a query is shown in Fig. 3 . This figure displays a list of all Pontis bridge elements for a specific bridge. When the bridge element module is selected, a database query is executed to search for all the elements that belong to the bridge and displays a list of these elements. From this list, the user can select an element to inspect. Entering input data by this method assures accurate and consistent data values.
On-Line Access to Reference Material
The Pontis element inspection is performed by identifying the condition states for each bridge element. The condition states reflect the current state of the element. A complete and very detailed definition exists for every possible condition state for every bridge element. These definitions are included
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in the Pontis User's Manual (Pontis 1993). Prior to ABIS implementation, bridge inspectors carried portions of the manual to the site. To relieve the inspectors from carrying manuals, all of the elements' condition descriptions were saved in the ABIS database. A procedure was then implemented to search for the description of the bridge element in consideration and pull the text describing these conditions states. A sample set of element condition descriptions is illustrated in Fig. 4 .
Processing Drawing, Sketches, and Signatures
Another valuable capability of pen-based computers is the ability to draw and store field sketches. The ABIS bridge scour module shown in Fig. 5 makes use of this capability. This scour screen has a graphic field that can store user annotations and sketches. The graphic field is used in this case to draw scour lines. After drawing the scour lines, the user can save the sketch by touching the ''save'' button.
The ability of pen-based computers to store field sketches can be utilized to record signatures. The inability of recording signatures has always been a major barrier to moving many paper-based transactions into the electronic domain. Use of electronically captured signatures offers greater security because the authenticity of these signatures can be verified by computer algorithms that check input signatures against those previously entered (Smithies 1994).
Report Generation
Capturing inspection data electronically on site did not only improve the accuracy and speed of data collection but has also substantially reduced the time required for report generation. Inspectors are no longer required to rewrite and rearrange field data and notes in a manner suitable for report generation.
ABIS TESTING AND IMPLEMENTATION
In its present form, the ABIS system contains 24 screens used to capture data related to the bridge inspection process. The large number of screens resulted from breaking down some of the paper forms into a series of screens. Despite the large number of screens, the inspectors have reported no difficulties using the system because they can easily navigate between the different screens with the touch of a button. For each bridge, more than 200 fields are stored in the ABIS database.
After the completion of system development, the SCDOT Pontis data were converted to the dBase format utilized by ABIS. The resulting database contained all bridges within District 3 of the state. This included approximately 1,500 bridges. Despite the large size of the ABIS database, the pen-based application executed with adequate speed; the forms were displayed on the screen almost instantaneously when called.
The ABIS application and the District 3 data were then downloaded to the pen-based computer and taken to selected bridge sites. At each site, the bridge data were retrieved and reviewed to make sure that the correct data had been transferred from the database. All of the ABIS modules were tested and ran properly. The ABIS database was updated to reflect current bridge conditions. The modified dBase files were then transferred back to the Pontis format and downloaded to the Pontis master database. Pontis was then loaded to check the success of the data transfer process. The Pontis database reflected all the changes that have been made during the bridge inspection.
Implementation of the ABIS system began on October 1, 1995, on a district-by-district basis. Each district has a unique database containing from 1,000 to 2,000 bridges. After running in parallel the paper-based and pen-based systems, the paperbased system was phased out over a 3-month period. The inspectors have been very enthusiastic about ABIS. They have been using pen-based laptops on a limited basis for 2 years to record the textual description of the bridge elements' conditions. Textual descriptions were recorded using a dBase program. This dBase program, which only automated 25% of data collection, has resulted in 1.5 man-hours savings per day. An economic analysis has indicated that man-hours savings resulting from 25% automation have paid for the price of 14 pen-based computers in less than a year. The price of each unit was $3,000 in 1993. The current price of pen-based computers has decreased, and their power has increased. It is believed that the implementation of ABIS, which will fully automate the data collection process, will produce further savings. It should be noted that ABIS has also resulted in savings at the home office because it has almost eliminated redundant data entry.
Inspectors have not reported any difficulties using the penbased system. Inspectors carry the laptops while performing inspection. They realize, however, that there are situations in which the laptop must be left in the truck such as in the case of severe weather conditions. In these cases the inspectors use the laptops for data entry immediately after being on the bridge.
Overall the pen-based units have been enduring the harsh environment they have been exposed to during the inspection process. These units were originally designed for military use, and they can withstand a certain amount of shock and rough handling. The most fragile part of the computer is its screen, which could break if bumped against a hard object. For this reason, inspectors do not carry the units when they are climbing but call inspection data to another member of the inspection team. The South Carolina bridge maintenance office is planning to purchase two-way radios so that inspectors will be able to easily communicate information back to the person operating the laptop.
CONCLUSIONS
New Federal Highway Administration regulations have increased the inspection effort and the amount of paper work processed by inspectors. To relieve inspectors from the mundane paper work and to permit them to devote more time to the actual inspection process, improved methods of data collection are needed.
This paper discussed pen-based technology and its potential in improving the efficiency of bridge inspection data entry and its accuracy. A pen-based ABIS was developed using replications of existing paper forms utilized by the SCDOT. ABIS provides a more rapid and accurate way of collecting data than the paper-based process currently utilized by most state transportation agencies. Data from ABIS can be electronically translated to the Pontis format and loaded to the Pontis master database. The inspection process is enhanced by the ability to retrieve previous inspection data and access reference information.
The ABIS development process has illustrated that penbased technology is sufficiently advanced to support the rapid development of pen applications. Several other inspection and management areas within state transportation agencies would likely benefit from pen-based technology.
